Some Aspects of the Pathology of Atherosclerosis
By Professor T. CRAWFORD, M.D., F.R.F.P.S. London THE essential nature and cause of atherosclerosis being undetermined, the only definition which I can give to introduce the subject of this Symposium must be a descriptive one. On this basis atherosclerosis can be defined as the widely prevalent arterial lesion characterized by patchy thickening of the intima, the thickenings comprising accumulations of fat and layers of collagen-like fibres, both being present in widely varying proportions.
Though leaving much unsaid, this definition contains the three key points which distinguish atherosclerosis from other forms of arterial lesion: first that the lesions are mainly intimal; second, that they are patchy; and third, that both fat and fibrous strands enter into their make-up.
The early lesions.-The earliest lesions which the pathologist can perceive on examining the intimal surface of a minimally affected artery are tiny gelatinous droplets, just visible with a hand lens. Microscopically all that can be seen is some loosening of texture of the intima, with increase in the amount of metachromatic ground substance between the fibres, but if an adjacent section is stained for fat numerous sudanophil droplets are seen scattered through the tissue.
Rather more advanced are the lesions usually called fatty streaks, which are slightly elevated yellow lines running longitudinally in the intima. They are seen particularly well on the posterior wall of the aorta and in the common carotid arteries.
Microscopically (Fig. 1 ) these lesions consist of clusters of fat-filled histiocytes lying immediately under the endothelial cell layer. The appearances suggest that the fatty droplets seen in the earlier lesion have now been swept up by JANUARY the histiocytes, but why the cells should become arranged into streaks in this way remains unanswered.
The fate of fatty streaks.-Although it is impossible to obtain direct evidence, circum- stantial evidence suggests that fatty streaks are reversible. Indeed it seems probable that during early life they develop and disperse regularly in the intima of the larger arteries. There may be a cyclical accumulation and utilization of fats in the intima in response to factors of which we know nothing-but this is pure conjecture. Not all workers in this field would agree that these fatty streaks contain the seeds of atheromatous plaques. It seems to me, however, that they are the likely starting points for the more significant lesions and that at certain foci something interferes with dispersal of the fat, which increases in amount until ultimately a point of no return is reached. This conversion of the fatty streak into the atheromatous plaque requires not only focal increase in the amount of fat, but in addition the development of a fibrous layer separating the fat from the lumen. The use of an extremely sensitive technique for the identification of fibrin (Crawford and Woolf, 1960 ) employing a fluorescein-coupled specific antibody to human fibrin has enabled my colleague Dr. N. Woolf to show that many fatty streaks have, even from an early stage, delicate strands of fibrin overlying the surface and lying between the layers of histiocytes. The suggested explanation is that the fibrous layers which separate the fat from the lumen in even quite small lesions are formed by deposition of fibrin, due perhaps to interference with the functions of the endothelial cells, the integrity of which is of so much importance in maintaining the fluidity of the blood.
Features of the advanced lesions.-Sometimes the predominant feature is increase in the amount of fat (atherosis) with relatively much less production of the fibrous element. The result is then the characteristic yellow plaque, giving the signet-ring deformity to the lumen of the emptied vessel, to which the name atheroma is most aptly applied (Fig. 2) . At other times the sclerotic element predominates and there is great fibrous thickening of the intima with much less conspicuous-but never absent-fatty accumulations ( Fig. 3) . It is to this fully developed stage that the term atherosclerosis is most appropriate, though it is now commonly employed for the whole series of lesions.
Calcification may occur at any time, but is generally most conspicuous in older subjects, and therefore presumably in the older lesions. It is usually confined to the intima, where it commonly starts at the periphery of fatty accumulations, but may spread to become very extensive. This intimal calcification in atherosclerosis is to be clearly distinguished from calcification of the media (Monckeberg's sclerosis), a quite distinct condition which may occur in the absence of intimal disease.
The thrombogenic hvpothesis.-In 1946 Duguid, studying serial sections of stenosed coronary arteries, observed transitions between obvious organizing thrombi and atheromatous plaques. He suggested that many of the lesions classified as atherosclerosis are arterial thrombi which, by the ordinary process of organization, have been transformed into fibrous thickenings. He added that many of the atheromatous fatty patches resulted from softening occurring in the thrombi.
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Duguid's observations have not lacked confirmation (Crawford and Levene, 1952; Morgan, 1956) and few would now deny that the incorporation of mural thrombi is one factorperhaps the main factor-leading to fibrous thickening of the intima.
Delicate fibrinous incrustations are easily found on the arterial intima and their mode of incorporation is of interest. They are rapidly covered and also permeated by endothelial cells extending in from their margins, and it is these cells, supported by oxygen and nutriment diffusing from the blood in the lumen, which are responsible for organization of the superficial parts of the thrombus. Indeed, if the deposit is a thin one it will be organized throughout in this way; but with thicker deposits, or when successive thrombi are superimposed at the same site, the layers farthest from the lumen are organized by extension through the media of capillaries from the vasa vasorum. Failure of these two zones of organization to link up sometimes occurs leaving a zone of softened debris rich in fats.
fascularization of the intima.-I have stressed this mechanism for the organization of mural thrombi because, as a result, the normally avascular intima becomes richly vascularized.
Most of the vessels reach it from the vasa vasorum (Fig. 4) , but there may be an occasional abnormal capillary entering from the lumen (Fig. 5 ).
This intimal vascularization has been widely blamed for certain subsequent events in the natural history of atherosclerosis. HWmorrhage from these capillaries into the atheromatous plaque has been held responsible for arterial occlusion (Paterson, 1936 (Paterson, , 1938 either by enlarging the plaque to compress the lumen or by initiating thrombosis over the plaque. It seems to me, however, impossible that blood escaping from capillaries could build up sufficient force to compress the arterial lumen in which the pressure is much higher; and little evidence of this occurrence has been seen in the many occluded arteries I have examined. When bulky hlmorrhages are found enlarging the plaque they are likely to have followed cutting off of the pressure in the arterial lumen. The initiation of thrombosis by diffusion of breakdown products from an area of hmmorrhage is a possibility that has not been confirmed.
Secondly, some workers have maintained that repeated small hemorrhages from these intimal capillaries are the source of the fat in the atherosclerotic region (Morgan, 1956; Paterson et al., 1956; Duguid and Robertson, 1957) . While it may be that fat is contributed to the lesion in this way, it can scarcely be the main source because sometimes enormous accumulations of fat occur before intimal vascularization is established. The claim by Paterson et al. (1957) to have demonstrated capillaries. in the earliest lesions by alkaline phosphatase staining is unconvincing.
Alternative views on the source of the fat are: (a) The imbibition theory (Aschoff, 1924) assumes the penetration of plasma lipids into the intima by direct pressure filtration. (b) The origin of fat from softening of incorporated thrombi is an integral part of the thrombogenic hypothesis outlined above. (c) The origin of fat from degenerating elastic tissue recently discussed by Adams (1959) .
The probability is that more than one of these mechanisms-perhaps even all of them-may contribute fat to atherosclerotic lesions, but the appearances in the earlier and in the more purely fatty lesions are most easily explained by the imbibition theory.
Medial changes.-Although atherosclerosis is defined in terms of the characteristic intimal changes, there are always associated structural changes in the media (Crawford and Levene, 1953) . These may consist of no more than a trivial degree of medial thinmng but in severely affected segments the media may be almost completely lost and in addition the internal elastic lamina may completely disintegrate over considerable stretches of the vessel wall (Fig. 6 ). Occasionally the fatty accumulations, characteristically confined to the intima, also extend to involve the media.
Effects on the calibre of the lumen.-One of the most extraordinary things about atherosclerosis is its unpredictable effect on the calibre of the affected arteries. Paradoxically this single disease may leave the calibre unchangedperhaps the commonest effect; or it may lead to severe stenosis, progressing to complete occlusion -most often in the coronary arteries, but also in the arteries of the leg, and in the vertebral, internal carotid and middle cerebral arteries; or finally the affected vessel may undergo dilatation, characteristically at the lower end of the aorta, where it produces what is now the commonest variety of true aortic aneurysm, but also at times seen in the basilar and even the coronary arteries. The particular effect in any given instance depends on the balance between a number of factors, including the blood pressure, the degree of medial damage, the rate of thrombus deposition and incorporation, and the external support available for-the vessel wall.
In concluding this brief pathological introduction to the Symposium I would like to stress the error of looking on atherosclerosis as a static condition of the vessel walls: morphological studies all point to a constant state of flux in the lesions with variations in the amount and distribution of lipids, deposition and incorporation of fibrin, intimal vascularization and sclerosis all proceeding side by side. It is indeed this state of plasticity which gives some hope of influencing the course of the disease.
